Abstract
Introduction
The lens starts development during the embryonic stage and continues to grow after birth, with the new secondary fibres being added from the outer mono-layer epithelium. Lens epithelial cells (LECs) start to differentiate, elongate, express lens fibre cell specific genes, lose contact with the capsule and epithelium, and finally lose their organelles as they become mature lens fibres [1] . [2] [3] [4] . Actin reorganization, which is profoundly affected by those signals, is essential for the differentiation induction and survival of LECs [5] , and precise LEC differentiation is important for the transparency of the lens.
Various signalling proteins are involved in this process, including fibroblast growth factor (FGF)-b, insulin-like growth factor (IGF)-1, transforming growth factor-␤, N-cadherin and integrin
Previously we have reported that a DNA-binding domain mutant allele of heat shock factor (HSF)4 is associated with autosomal dominant lamellar and Marner cataracts [6] . Then, it has been reported that HSF4 knockout mice have defects in LECs differentiation and form cataracts [7, 8] . HSF4 belongs to the transcriptional regulator family of heat shock proteins (HSPs) , and it binds to the heat shock element (HSE) that is composed of consensus inverted repeats of nGAAn [9] . Apart from the HSP genes, HSFs may also regulate distinct, non-HSP genes. Candidate targets of HSF4b include Crygf, Fgf7, Hspb2 and Bfsp2 [7, 8, 10] . There 
(SKAP2) gene is down-regulated in both HSF4
Ϫ/-mouse lenses [8, 10] . [11, 12] . The protein structure of SKAP2 is similar to that of SKAP55, both containing a pleckstrin homology (PH) domain, which can bind to membrane lipids [13] , [12, 14] 
SKAP2 (also called SCAP2, RA70, SKAP-HOM and SKAP55R) is a homolog of SKAP55 (encoded by Skap1). Unlike SKAP55, which is expressed exclusively in the thymus and in T lymphocytes, SKAP2 is expressed ubiquitously

and both having a carboxyl-terminal src homology3 (SH3) domain. However, SKAP2 has a unique N-terminal coiled-coil (CC) domain and tyrosine phosphorylation sites. The amino acid sequence of mouse SKAP2 is 90% identical to human SKAP2, suggesting functional conservation of this protein. Previous studies on haematopoietic and immune systems have shown that SKAP2 binds to FYB (the Fyn binding protein) via its SH3 domain and is a substrate of Fyn kinase, which suggests a role of SKAP2 in T-cell receptor signalling similar to that of SKAP55
. It has also been reported that adhesion of activated B cells to fibronectin and to ICAM-1 is strongly reduced in the SKAP2
Ϫ/-mouse, implying that SKAP2 might also be involved in the B-cell adhesion processes by coupling the B-cell receptor with the activation of integrin [15] . However [16] . 
Material and methods
Cell culture and LEC differentiation induction
Plasmid transfection and antibodies used
Preparation and treatment of primary lens culture
The primary lens cell cultures from neonatal HSF4 ϩ/ϩ or HSF4 Ϫ/Ϫ mice were prepared as described previously [5, 17] 
Chromatin immunoprecipitation
Lenses were isolated from postnatal, day-9 mice and treated as described previously [7] . Briefly, after cross-linking, the lens cells were lysed in cell lysis buffer [5 mM N-2- 
Results
SKAP2 is a downstream target of HSF4b in lens cells
HSF4b is expressed mainly in the lens, and it plays an important role in lens development [8] . To identify its downstream target, we examined two independent sets of microarray expression data from HSF4 knockout mice with different backgrounds (C57BL/ 6-129/S3 and C57BL/6-129/SvJ). We found that SKAP2 was down-regulated in both date sets [8, 10] 
The expression of SKAP2 correlates with the differentiation of LECs
To understand the function of SKAP2 in lens development, we checked the distribution of SKAP2 in vivo. The structure of lens mid-sagittal sections is diagrammed in Fig. 1B Fig. 2A ). [19] [20] [21] . This epithelial-to-mesenchymal transition (EMT) mimics the LEC differentiation in vivo [16, 17] . The levels of SKAP2 mRNA were significantly increased in response to FGF-b. The increase in SKAP2 mRNA after FGF-b treatment was correlated with increased expression levels of ␣-SMA (␣-smooth muscle actin), which is a marker for EMT cells [22, 23] (Fig. S1) . These results imply that SKAP2 probably plays an important role in the FGF-b induced lens cell differentiation.
(part e). Immunofluorescence experiments showed that in the wild-type lens, the expression of SKAP2 was higher in the fibre cells than that in the epithelium (Fig. 1B, image a). SKAP2 particularly accumulated at the anterior tip of the elongating secondary fibre cells (Fig. 1B, white arrow in image a). The magnified confocal images in Fig. 2A also showed that endogenous SKAP2 clearly accumulated at the apical ends of the lens elongating fibre cells, where the fibre cells connect to the epithelium (white arrows in
Thus, we proposed that the expression of SKAP2 was associated with the differentiation of LECs. To investigate whether SKAP2 is associated with the differentiation of lens cells, we examined the levels of human SKAP2 mRNA in SRA01/04 cells, before and after FGF-b induced differentiation. LECs transdifferentiate into lens fibre-like mesenchymal cells when treated with FGF-b that is essential for the initiation of LEC differentiation
Actin reorganization in primary HSF4
Ϫ/Ϫ mouse lens cell cultures is inhibited during differentiation
As shown in Fig. 1B (Fig. 2A, yellow arrows) . The primary lens culture system has been proved to be an ideal model to examine the mechanisms of differentiation [5, 17, 25] . Primary LECs cultured in medium with high serum have wellspread epithelial morphology [5, 17] [4, 17, 26] . At the beginning of lens differentiation, the disassembly of centre stress fibres and reorganization to cortical actin filaments provide an initiation signal for lens differentiation [5] . We used primary LECs culture to examine the effect of SKAP2 on actin reorganization in HSF4 Ϫ/-lens cells during differentiation. The primary actin filament structures in the undifferentiated lens cells are actin stress fibres (Fig. 2B, parts a, c) , as previously reported in studies of the LEC cultures [5] . After FGF-b treatment, LECs from wild-type mice started transdifferentiation, which was accompanied by the centre actin stress fibres disassembly and cell elongation (Fig. 2B, part b) . In contrast, HSF4 Ϫ/Ϫ LECs still contained strong actin stress fibres and had no morphological change after starvation and FGF-b treatment (Fig. 2B, part d (Fig. S2, top parts) or in the untransfected cells nearby (Fig. S2, yellow arrows in lower parts) (Fig. 3A) . We also observed the subcellular colocalization of HA-SKAP2 and cortical actin fibres at the lamellipodia in the EMT cells (Fig. 3B) , similar to what happens in vivo. As shown in Fig. 3B , lamellipodium are broad, flat, sheetlike structures at the leading edges and contain actin meshwork, which produce the major driving force of migration [28] . Meanwhile, the colocalization of endogenous SKAP2 and cortical actin fibres was showed in row 1 of Fig. 3D . (Fig. 3D, row 1) . The function of the actin-binding (Fig. 4A, top part) , similar to that seen in differentiated LECs that had been induced by FGF-b (Fig. 3D, row 1) . Fig. 3C . The SRA01/04 LECs were transfected with control shRNA, SKAP2 shRNA#1, SKAP2 shRNA#2, respectively. They were next treated by FGF-b to induce differentiation. In the control cells, the cellular actin stress fibres were disassembled as expected (Fig. 3D, parts a, b, Fig. 4 (Fig. 4A, arrows) . Centre actin stress fibres were absent in the cells overexpressing full-length SKAP2 (Fig. 4A,  top part) , whereas the cells overexpressing SKAP2⌬106aa exhibited obvious cellular stress fibres without actin reorganization (Fig. 4A, bottom 
Rapid loss of actin stress fibres, the reorganization of actin from cellular stress fibres to cortical actin fibres, and the assembly of N-cadherin-based cell-cell junctions are characteristic markers for the initiation of LEC differentiation [1]. The FGF-b induced human LECs differentiation in vitro is also accompanied by the disassembly of actin stress fibres and the formation of cortical actin fibres
and then lysed and blotted with SKAP2 and GAPDH. (D) SKAP2 was necessary for actin remodelling during differentiation. After starvation and FGF-b treatment, the control (parts a-c) or shRNA (parts d-i) transfected SRA 01/04 cells were fixed and stained with rabbit anti-SKAP2 antibody and counterstained with phalloidin Alexa Fluor 555. Cells with high levels of SKAP2 have less F-actin (yellow arrows), while cells with less SKAP2 have much higher F-actin (white arrows). Bar 25 m.
protein SKAP2 in actin reorganization was then examined. In fact, overexpressing SKAP2 alone in the SRA01/04 cells could cause a clear disassembly of the centre stress fibres
To confirm the effect of SKAP2 on actin reorganization, we knocked down SKAP2 expression in human LECs with shRNA and then examined the remodelling of actin during the initiation of LEC differentiation induced by FGF-b. The knockdown efficiency is shown in
c). The cells that had been transfected with SKAP2 shRNA had different knockdown efficiency. This turned out to be a very useful tool to analyse the effect of SKAP2 on the dynamics of actin. The cells with down-regulated SKAP2 (Fig. 3D, white arrows in parts f, i) exhibited clear cellular actin stress fibres. However, nearby cells, that had a higher level of SKAP2, disassembled their centre actin stress fibres in response to FGF-b (Fig. 3D, yellow arrows in parts f, i). These results suggest that SKAP2 is essential for actin reorganization during lens differentiation. © 2011 The Authors Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
part). The efficiency of cellular F-actin disassembly in SKAP2-expressing cells was much higher than that in the SKAP2⌬106aa cells (Fig. 4B). These results suggest that the N-terminal fragment of SKAP2 has an important role in actin remodelling.
Identification of the interaction between SKAP2 and NCK2 at membrane ruffles SKAP2 PH domain can bind directly to membrane lipids [13] . (Fig. 5A) 
However the precise ruffle-targeting signal for SKAP2 remains unclear. We next examined the downstream proteins of SKAP2 that play a role in the actin dynamics. We observed two conserved tyrosine-based motifs (Y75DDP and Y93DKD) within the N-terminus of SKAP2
motif phospho(p)-Y-D-E/D/K-V/P is a binding site for the NCK SH2
domain [29] . Thus [30] [31] [32] [33] [34] [35] (Fig. 7) . Therefore, it is probable that SKAP2 signals to actin via NCK2/PAK pathway.
We then examined the interaction between SKAP2 and NCK1 or NCK2 by co-IP experiments. As shown in Fig. 5C, HA-SKAP2 (Fig. 5B) (Fig. 5D) . We also confirmed the interaction between endogenous SKAP2 and NCK2 by co-IP using antibodies against endogenous SKAP2 or NCK2 (Fig. 5E) . Together, the N-terminal domain of SKAP2 interacts with the SH2 domain of NCK2, giving the potential explanation for the different effects between SKAP2 and SKAP2⌬106aa.
NCK2 (Fig. 5B), but not with NCK1. This indicates different binding properties between NCK1 and NCK2. To investigate whether the Y75DDP motif in the N-terminal domain of SKAP2 mediates the association with NCK2; we introduced a tyrosine (Y) to phenylalanine (F) mutation into the full-length SKAP2 at position 75 (designated hereafter as Y75F)
We further determined the subcellular localization of SKAP2 and NCK2. Interestingly, the endogenous SKAP2, NCK2 and the cortical actin fibres were clearly co-localized at the lamellipodial leading edge (indicated by the white arrows in Fig. 6A [36] . NCK2 has also been proven to interact with focal adhesion kinase (FAK) directly at cell periphery and to be involved in the formation of dorsal ruffles [35, [37] [38] [39] [42] . Thus, there might be a connection between SKAP2 and FGF receptor signalling. Indeed, SKAP2 and FGFR were also co-localized at membrane (Fig. 6C) .
In summary, our data provides a potential explanation on how SKAP2 regulates actin reorganization in LECs. SKAP2 might function as the link between membrane receptors and the 'NCK-PINCH-FAK' focal adhesion complexes at the membrane protrusions (Fig. 7) .
Discussion
Lens cells are an ideal cell type to study the mechanisms of differentiation. During the process of differentiation into lens fibre cells, LECs undergo dramatic morphological changes including cell elongation, membrane remodelling and cell polarization. These are concomitant with migration towards the interior of the lens. Most of these events are influenced in large part by the dynamic reorganization of the actin cytoskeleton [5, 43] . HSF4 knockout mouse, which display abnormal differentiation of LECs, is a good Fig. 7 Model for membrane recruitment of SKAP2 and actin cytoskeleton. SKAP2 is directed to membrane via its PH domain [13] . (Fig. 1C) (Fig. S3) . Further experiments will be needed to identify which motif is essential for HSF4 binding.
Previous studies have shown that SKAP2 is involved in the differentiation of myeloid cells and in cell cycle arrest [27, 46] [31] . As the downstream effector of NCK signal, the membrane-attached and activated PAK induces the disassembly of stress fibres through inhibiting myosin light chain kinase and myosin HC activity [33, [51] [52] [53] , and promotes the formation of lamellipodia through filamin [32, 54] (Fig. 7) . In the upstream signal, the SH2 domain of NCK binds to specific pTyr-containing sites on activated receptors directly, such as the ß-platelet-derived growth factor-receptor (ß-PDGFR) and EGFR [34, 55, 56] . NCK has also been reported to link to FGF receptors indirectly [42] (Fig. 6B) 
